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Abstract 
Scanning probe microscopy bas evolved into a 
powerful tool since its inception in 1982. The 
scanning probe microscope bas found applications in 
metrology, spectroscopy, and lithography . We will 
review the background of the technology, discuss the 
different types of scanning probe microscopes includ-
ing the scanning tunneling microscope and the scan-
ning force microscope, and present many of the 
applications for the instrument. 
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Introduction 
The scanning tunneling microscope (STM) was 
developed by Binnig and Rohrer (1982) in 1982. 
Since then, the STM bas found numerous applications 
in science and technology. The STM' s atomic resolu-
tion allows local characterization of surfaces. It is 
capable of measuring surface topography, electrical 
conductivity, electronic structure, and atomic 
structure. 
The scanning tunneling microscope is based on 
the principle of quantum mechanical tunneling of 
electrons between two electrodes under an applied 
electric field. One of the electrodes, the sample, is 
usually stationary while the other, an atomically sharp 
metal tip, is scanned over the sample. The tip is 
mounted on piezoelectric ceramic materials and is 
capable of moving in the x, y, and z directions by the 
application of electric fields to the piezoelectric 
ceramics (Figure 1). 
In one mode of operation, a potential is applied 
to the z-ceramic through a feedback control unit, 
maintaining constant tip-to-sample current. Operated 
in this manner, the tip moves in the x , y, and z direc-
tions, following the topography of the surface. The 
lateral resolution of the STM is determined by the tip 
geometry. By using proper tip preparation tech-
niques, spatial resolution on the order of 1 A or less 
can be obtained. 
Young et al. (1972) were the first research group 
to use a similar non-contacting instrument, the 
Topografiner, to measure the microtopograpby of 
metallic surfaces. They were able to obtain low reso-
lution images by operating the tip in the field emis-
sion mode with tip-to-sample spacings on the order of 
200 A. They also demonstrated the linear depen-
dence of the tunneling current between the tip and the 
sample on the applied voltage for small vacuum gaps 
and low voltages. The lack of sufficient vibration 
isolation prevented them from imaging in the tunnel-
ing mode. 






Figure 1. Schematic of the tip scanning geometry, 
depicting the x, y, and z direction piezoelectric 
ceramics. 
Using an approach similar to Young et al. (1972) 
but with a more elaborate vibration isolation system, 
Binnig and Rohrer (1982) were able to obtain images 
of atomic steps on Au(llO), Si(l 11), and GaAs(l 11). 
In a further development, they reported the first im-
ages of the 7x7 reconstruction of Si(l 11), with atomic 
resolution in real space (Binnig et al ., 1983a) . This 
was followed by the atomic resolution studies of re-
constructions of Au(llO) (Binnig et al ., 1983b) and 
Au(lOO) (Binnig et al., 1984) surfaces. 
Since then, the STM has evolved into a powerful 
tool for spectroscopy, metro logy , and nanolithog-
raphy . Many other instruments have also evolved 
from the STM technology. Among those instruments, 
the scanning force microscope (SFM) is one of the 
most important ones . In this paper we will review 
the STM and SFM technologies and their many appli-
cations. In the "Theoretical" section we will review 
the basic theory of the STM and discuss the resolu-
tion of the instrument. In the "Experimental" section 
we will cover the basic mechanical and electronic de-
sign and vibration isolation requirements for the 
STM. In that section we will also present probe tip 
preparation methods and discuss the effects of tip 
geometry on image quality and resolution . In the 
"Applications" section, we will discuss the applica-
tions of the STM to atomic orientation on surfaces, 
spectroscopy, electrochemistry, nanofabrication, bio-
logical materials, and topography. In the "Scanning 
Force Microscope" section, the SFM is discussed. 
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The "Applications of SFM" section covers the 
applications of SFM to the study of tip-sample 
interactions such as friction , van der Waals, mag-
netic, and electrostatic forces. Also, SFM 
capabilities for imaging magnetic domains, surface 
structure, and biological materials are discussed. In 
the "Related Techniques" section, other techniques 
that are based on STM technology are presented. 
Theoretical 
Tunneling current depends on the overlap of the 
wave functions of the tip and the sample . Under 
normal tunneling conditions the interaction between 
the tip and the sample is weak and first order per-
turbation theory can be used (Tersoff and Hamann, 
1983): 
2ne 2 
J = TI, f(Eµ)[l -f(Ev +eY)] IMµvl o(Eµ-Ev ) ( I ) 
µv 
where Mµ.- is the tunneling matrix and f(E) and 
f(E+eV) are the Fermi-Dirac occupation factors at 
the energies E and E+eV of the two electrodes. 
Using Bardeen's formulation, M is given by 
(Bardeen, 1961 ) : 
where t/t µ and t/t .,are the wave functions. The general 
three-dimensional analysis of the above equations is 
quite complicated and is beyond the scope of this 
review. The wave functions for the one-dimensional 
case are given by (Feenstra, 1990): 
0 
\JIµ= \JIµ cxp(-z) 
and (3) 
0 
\Jfv = \Jfv exp [·K(s- z)] 
wher e 
s is the spacing between the two electrodes, z is the 
integration parameter, K is the decay constant of the 
wave functions and </> is the work function, which is 
assumed to be the same for both electrodes. Substi-
tuting into equations (2) and (1), we find: 
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we find: 
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The current depends exponentially on the tip-to-sam-
ple spacing. For a work function of 4 eV, K = 1.0 
A-1• When the gap spacing is changed by 1 A, the 
current changes by a factor of 10. For a 0.1 A verti-
cal resolution, the tip-to-sample current has to remain 
constant by 20%. 
The lateral resolution for imaging purposes with 
low applied voltages ( < < 1 V) has been formulated 
for a surface with a weak sinusoidal corrugation with 
amplitude h/2 by Stoll (1984): 
.'.1d -1t2Cs+q)} 
hs = exp{ Ka2 
where ~d/2 is the amplitude of the observed corruga-
tion of the equicurrent surface, s is the tip-to-sample 
spacing, rt is the tip radius, a is the corrugation 
period, and K is the decay constant of the wave func-
tions given above. 
Experimental 
Mechanical System 
The design criterion for STM is that the tip-to-
sample position control should be better than the reso-
lution desired. For atomic resolution imaging, the tip 
position has to be resolved 0.1 A vertically and 1 A 
laterally. The dynamic range required for atomic 
resolution imaging is a few thousand Angstroms in 
the x, y and z directions. An approach mechanism is 
also required for coarse and fine positioning of the 
probe tip on the sample. 
The scanning requirements are satisfied by the 
use of piezoelectric ceramics. Piezoelectric ceramics 
are capable of position control down to 0.01 A or 
better, with a dynamic range of several µm . The 
piezoelectric ceramics can be mounted in an or-
thogonal tripod arrangement for scanning in x, y and 
z such as shown in Figure 1. This design is mechani-
cally subject to low resonance frequencies. An im-
plementation developed by Binnig and Smith (1986) 
uses a single tube ceramic for scanning the probe tip. 
The outer electrode of the tube is sectioned into four 
equal parts parallel to the axis of the tube (see Figure 
2). Scanning is performed by applying voltages V x 
and -V x to two opposing electrodes and v.
1 
and -Vy 
to the remaining two. The voltage applied to the 








Figure 2. Schematic representation of a tube 
ceramic used for scanning in the x, y, and z direc-
tions. The outer electrode of the tube ceramic is 
sectioned into four equal parts parallel to the axis 
of the tube. Scanning is performed by applying 
voltages V x and -V x to two opposing electrodes and 
V and -V to the remaining two. The voltage ap-
pfled to tfie inner electrode is used for motion 
along the z direction. The tube can be used to 
scan the sample or the tip. 
Carr (1988) has derived the formulas for expansion of 
the tube ceramic for PZT5H (Vernitron Piezoelectric 
Division, Bedford, Ohio): 
L2.066 
x,y = 0-677 o0 .767 wl .086 
Ll.005 o0.029 
z = 2.36 w1.oi . 
where x, y, and z are in A/volt; and L, D, and W are 
in millimeters. These formulas are accurate for small 
applied voltages. As the voltage to the ceramic in-
creases, the gain also increases (van de Leemput et 
al., 1991). The gain increase can be as large as a 
factor of 2 for an applied voltage of 1000 volts 
(Jahanmir, 1988). 
The motion of the piezoelectric ceramics can be 
calibrated using an interferometer, a capacitance 
gage, or a grating. For small scans, atomic corruga-
tions on highly oriented pyrolytic graphite (HOPG) 
may be used for calibration. A typical calibration 
curve for a piezoelectric ceramic is shown in Figure 
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3. As can be seen in Figure 3, the displacement of 
the ceramic is not a linear function of the applied 
voltage, and the position of the ceramic for a given 
applied voltage depends on its past history of move-
ment (hysteresis). Also, the steady-stage position of 
the ceramic slowly drifts with time (creep). These 
effects result in image distortion for large scans. 
The nonlinearity can be removed either by post-
processing of the image (Gehrtz et al. , 1988) or by 
applying appropriate nonlinear voltages to the ceram-
ic. The hysteresis and creep can be reduced by con-
trolling the applied charge to the ceramic (Newcomb 
and Flinn, 1982) or by placing a small capacitor in 
series with the ceramic (Kaizuka and Siu, 1988). 
Kaizuka and Siu (1988) were able to eliminate creep 
by placing a small capacitor in series with the ceram-
ic. These authors also obtained a factor of 7 reduc-
tion in hysteresis. The drawback to this technique is 
reduction in total dynamic range of the system since 
the output voltage is now shared between the ceramic 
and the capacitor. 
A correction can also be obtained by a secondary 
measurement of displacement of the ceramic. The 
scanner position is monitored as the image is taken 
and used to correct the distortion induced by the 
piezoelectric ceramic . Yamada et al . (1989) used an 
optical interferometer to monitor the scans with nano-
meter accuracy . Griffith et al. (1990) have developed 
a simple capacitance -based position monitor. The 
scanner position was monitored by capacitors which 
were mounted near the probe tip on the scanner. 
In another effort, Barrett and Quate (1991a) have 
used a simple two-axis optical beam displacement 
sensor to measure the x and y position of the piezo -
electric tube scanner. The sensor was used for post-
image processing and real-time scan correction under 
feedback control. Post-image scan correction of the 
data allowed for fast data collection but resulted in 
some loss of image information due to interpolation 
errors. In real-time scan correction, the sensor was 
used to accurately position the piezoelectric scanner 
for each data point under feedback control. This 
limited the scan speed and resulted in added noise 
from the sensor and the control electronics . Using 
this optical scan-correction system, these authors 
reported reduction of both linear and quadratic scan 
distortion to less than 2 % of the image size. 
Another factor that affects the capabilities of the 
STM is the resonance frequency of the ceramic. The 
bending resonance frequency, fx, and the longitudinal 
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Figure 3. Displacement versus applied voltage for 
the tube-shaped piezoelectric ceramic. Data were 
taken with a Michelson interferometer. The 
motion of the ceramic is nonlinear and has 
hysteresis. 
and 
where E is the elastic modulus and p is the density of 
the piezoelectri c ceramic element. The resonance fre-
quency determines the scanning speed of the micro-
scope and its rigidity against vibration. There is a 
tradeoff between the range of motion and the resonant 
frequency. The resonant frequency cannot be in-
creased without the loss of the dynamic range of the 
ceramic. Also, the addition of any mass to the tube 
will reduce the resonance frequencies . 
Tip Approach 
A coarse approach mechanism is required to 
bring the probe tip from a distance of a few milli-
meters to within the range of the piezoelectric ceram-
ics. This large dynamic range for the tip approach is 
achieved differently in vacuum and in air. 
The coarse approach in vacuum in early STMs 
was achieved with a piezoelectric walker named 
"louse" (Binnig and Rohrer, 1982). The louse is 
made of a flat piezoelectric material with three metal 
feet that are insulated from a ground plate with high 
dielectric-constant material. The sample is mounted 
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on the piezoelectric material. The louse can be 
clamped electrostatically to the ground plate by apply-
ing a voltage to the metal feet. By elongating and 
contracting the flat piezoelectric material along with 
appropriate clamping sequence of the metal feet, the 
louse can move in any direction on a horizontal 
plane. Wu and Ng (1991) have implemented a simi-
lar piezoelectric walker with electromagnetic 
clamping that can operate in any orientation. 
Another widely used coarse approach mechanism 
is based on friction and inertia. Pohl (1987) was able 
to inertially move a mass that was placed on a plat-
form attached to a piezoelectric ceramic. The mass 
moves forward when an asymmetrically varying volt-
age is applied to the piezoelectric ceramic. A similar 
principle was used by Besocke (1987) to move a 
sample mounted on three piezoelectric tube scanners . 
The STM tip was mounted on a fourth piezoelectric 
tube scanner identical to the other three. By mount-
ing the sample on an inclined plane, coarse approach 
could also be achieved. Another implementation of 
the inertial coarse approach mechanism , that is com-
monly used , was developed by Lyding et al. (1988) . 
These authors used two concentric piezoelectric tubes. 
In this design, the inner tube is used for scanning the 
tip over the sample. The outer tube is used for iner-
tial translation of the sample into tunneling range. 
The sample is mounted on rails that are attached to 
the outer piezoelectric ceramic. This arrangement 
also provides thermal compensation in the z direction . 
This is in addition to the thermal compensation in the 
x and y directions due to the symmetric design of the 
tube scanner . 
In air, mechanical devices such as differential 
screws, stepper motors , or DC motors are used. A 
mechanical reduction is used to improve the resolu-
tion of the motor for tip approach. 
Vibration Isolation 
Amplitudes of vibrations between the tip and the 
sample have to be reduced to below the desired reso-
1 ution of the instrument. This is achieved by rigid 
construction of the STM and isolation of the system 
from external vibrations which can excite the relative 
motion between the tip and the sample. 
Sources of vibrations affecting the STM are 
building vibrations, vibrations caused by the move-
ment of people, and acoustic vibrations. Typical 
building vibrations are between 10 and 100 Hz, with 
amplitudes ranging from a few hundred Angstroms 
for higher frequency components to several thousand 
Angstroms for lower frequency components. These 
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vibrations are produced by equipment running at or 
near the line frequency and by the associated harmon-
ics. The vibration spectrum of buildings usually con-
tains its largest maxima near the third subharmonic of 
the line frequency , i.e., 15 to 20 Hz with amplitudes 
ranging from 1000 A to 5000 A (Pohl, 1986). 
Other sources of excitations are the irregular vi-
brations caused by movements of people, which cause 
frequencies in the 1 to 3 Hz range. The amplitudes 
for these vibrations are typically similar to the highest 
amplitude of the building vibrations. The instrument 
is also susceptible to acoustic vibrations. These 
vibrations can be reduced by placing the instrument 
in an acoustic isolation enclosure . 
For atomic imaging the amplitude of these vibra-
tions needs to be reduced to less than 0 . 1 A. Several 
methods of active and passive vibration isolation sys-
tems have been used with the STM. For use in air , 
where size and construction materials are not impor-
tant, a simple and very inexpensive isolation system 
incorporates a large mass hanging from elastomers. 
The resonance frequency of this system is inversely 
proportional to the square root of the stretched length 
of the elastomer and is kept around 1 Hz. Another 
vibration isolation system used in air is an air table . 
Air tables are massive, expensive, and provide poor 
isolation from horizontal vibrations. In vacuum sys-
tems, care must be taken that the vibration isolation 
system is compatible with ultra-high vacuum (UHV) 
requirements. The original vibration isolation system 
used by Binnig et al. (1982) was magnetic levitation 
of the STM on superconducting lead, which was insu-
lated and cooled directly by liquid helium. This sys-
tem was tedious and difficult to implement. More re-
cent UHV compatible STMs use either a spring sus-
pension with eddy current damping (Binnig and 
Rohrer, 1982) or a passive system of stacked metal 
plates separated by Viton spacers and springs (Gerber 
et al., 1986). 
Electronics 
In order to keep the tip within the tunneling dis-
tance of the surface, a feedback mechanism is em-
ployed. The schematic of the electronics for the 
STM is shown in Figure 4. The tunneling current be-
tween the tip and sample is converted to a voltage by 
a current detection circuit. This voltage is compared 
with a reference value to produce an error signal. An 
integrator is used to convert the error signal to an 
output voltage which adjusts the position of the z-di-
rection ceramic. The tunnel current is then sampled 
and the feedback loop is repeated. The voltage sent 
to the z-direction ceramic is stored as a function of x 
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Figure 4. Schematic of STM electronics. A 486 
microprocessor and a digital signal processor con-
trol the scanning, feedback, data acquisition, and 
image processing. 
and y position and related to the topography of the 
surface. 
With the advent of the digital signal processing 
(DSP) boards, the feedback, x and y scans, data ac-
quisition, and image processing are performed in the 
computer. This has resulted in significant reduction 
in complexity of the electronics. Figure 4 is a sche-
matic of the electronics, including the data acquisition 
and analysis system. 
STM Probes 
Probe tips are a key component of the STM. 
They determine both resolution and reproducibility of 
the results. The image resolution obtained depends 
both on the radius of curvature and the aspect ratio of 
the tip. For atomically flat surfaces, only the atoms 
on the apex of the tip are important. In this applica-
tion, STM probes can be formed by cutting a piece of 
wire with cutters. For topographical measurements, 
images obtained are a convolution of tip shape and 
surface topography (Griffith et al., 1991). 
The images can be deconvoluted from the tip ge-
ometry to obtain a more accurate surface topography 
(Reiss et al., 1990). This is rarely done since the tip 
geometry is not reproducible and is nearly impossible 
to measure on a small scale. Therefore, high aspect 
ratio probes with small radii have to be used to 
minimize the convolution effects. 
The STM tips are usually made from either tung-
sten or platinum-iridium wires. Tungsten is mechan-
ically rigid but it tends to oxidize. Pt/Ir is less rigid, 
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but it is inert both in air and in solutions. The pre-
dominant methods of producing tips are mechanical 
cutting/grinding and electrochemical etching. For 
electrochemical etching of W, solutions of NaOH or 
KOH have been used. In etching Pt/Ir wires, solu-
tions of CaCI2/H 20/HCL (Musselman and Russell, 
1990), NaN0 3/NaCl (Nishikawa et al., 1988), and 
NaCN/KOH (Heben et al., 1988) have been used. 
Melmed (1991) has compiled the many techniques for 
making sharp tips. 
The most widely used technique for tip prepara-
tion is the electrochemical etching of tungsten as fol-
lows: 
Anode: W(s) + 80ff ----- > Wo/- + 4H20 + 6e-
Cathode: 6H20 + 6e- ----- > 3Hi(g) + 60ff. 
Solutions of potassium or sodium hydroxide are used 
for this purpose. 
The voltage applied between the electrodes can be 
either AC or DC. The voltage between the AC-meth-
od is a self-terminating technique which makes coni-
cal tips with the radius dependent on the original 
diameter of the wire used, the solution, and the 
applied voltage. These tips are made by inserting a 
section of tungsten wire a few millimeters into the 
solution. An AC voltage of approximately 6 volts is 
then applied between the wire and the second elec-
trode in the solution. The etching stops when the tip 
has been formed and does not touch the solution any 
longer. For a 10 mil tungsten wire, the radii obtain-
ed range from 3000 to 5000 A (Figure 5). 
A sharper tip with a lower aspect ratio can be ob-
tained by applying a DC voltage between the elec-
trodes (lbe et al., 1990). During this etching proc-
ess, the bottom part of the electrode is somewhat 
shielded from the electrochemical etching process by 
the heavy products of the reaction at the top (Figure 
6). This causes formation of a cusp near the top of 
the wire in the solution. The reaction continues at a 
faster rate at the cusp than the lower part of the elec-
trode. Eventually, the weight of the electrode at the 
bottom of the cusp exceeds the tensile strength of the 
wire at the cusp and the bottom part drops off. An 
electronic circuit senses the change in voltage across 
the electrodes and shuts off the etching process. The 
radius of the tip depends on the switching speed of 
the electronic circuit and is usually less than 1000 A 
(Figure 7). 
Various researchers, e.g., Biegelsen et al. (1987) 
have indicated the possibility of oxidation of as-pre-
pared tungsten tips. Auger electron spectroscopy of 







Figure 6. Schematic representation of the appara-
tus used for etching tungsten wires with the DC-
method. The inset shows the formation of the cusp 
and the final tip formation . 
Figure 5 (at top left). SEM photographs of a tip 
made by electrochemically etching a 0.25 mm tung-
sten wire using the AC-method shown at two dif-
ferent magnifications. 
Figure 7 (at bottom left). SEM photographs of 
electrochemically etched 0.25 mm tungsten wire by 
DC-method shown at two different magnifications. 
the tips bas indicated the presence of oxygen and car-
bon with almost no tungsten signal at the surface 
(Chiang and Wilson, 1986). Other contaminants such 
as organic adsorbates and alkali metal salts (Colton et 
al., 1987) may also be present. Most researchers 
have indicated the necessity of a post-preparation 
processing of the tips, such as focused ion milling 
(Vasile et al., 1991), electron bombardment (Demuth 
et al., 1986), high electric field desorption and/or 
evaporation (Stroscio et al., 1987), heat treatment 
(Binh, 1988), high voltage pulses, and in an extreme 
case, tip crash into the surface (Schneir et al., 1986). 
Modes of Operation 
The STM can be operated in two different modes: 
constant current and constant height. In constant cur-
J. Jahanmir, B.G. Haggar, J.B. Hayes 
rent mode, the tip-to-sample current is kept constant 
through a feedback control unit . 
Operated in this manner, the tip moves in the x, 
y, and z directions, following the topography of the 
surface. This mode is used predominantly for scan 
sizes larger than 100 A to measure surface topogra-
phy. In constant height mode, the feedback loop is 
open and the z position of the tip remains constant. 
As the tip is scanned over the surface, tip-to-sample 
current is collected. The variation in current is re-
lated to surface topography. Since the tip is only a 
few Angstroms from the surface, this mode is used 
for small scans of less than 100 A on flat surfaces. 
In practice, the z motion of the tip is allowed to 
change slowly by using the feedback system with a 
very low loop gain which allows correction for 
thermal drift and sample tilt. 
Applications 
Atomic Orientation 
Since the initial report of real-space atomic reso-
lution images of the 7x7 reconstruction of Si(l 11) 
(Binnig et al., 1983a), STM has been applied as a 
surface science probe in the investigation of surface 
properties of numerous materials (Quate, 1986; 
Hansma and Tersoff, 1986; and Feuchtwanga and 
Cutler, 1987). These include the atomic structure of 
GaAs(l 10) (Feenstra and Fein, 1985), 5x5 surface re-
construction on Ge-Si(ll 1) (Becker et al. , 1985a), re-
constructed platinum surface (Behm et al., 1986), 
germanium surface reconstructions and phase bound-
aries (Becker et al., 1985b), the spatial variation in 
superconductivity of Nb3Sn (de Lozanne et al. , 
1985), and 2 degree vicinal Si(OOl) shown in Figure 
8 (Griffith and Kochanski, 1990). 
The STM has also been used to study adsorption 
on surfaces . The atomic arrangement of sulfur atoms 
on Mo(OO 1) at atmospheric pressure was studied by 
Marchon et al. (1988). Other studies include Ga ad-
sorption on Si(lOO) (Nogami et al., 1990), adsorption 
of boron on Si(lll) (Avouris et al., 1990), and Ag, 
Cu, Pd, and Si on Si(l 11) and Si(lOO) (Neddermeyer, 
1990). 
Atomic resolution images can now be routinely 
obtained. Images of carbon atoms on highly oriented 
pyrolitic graphite (HOPG) can be easily obtained in 
air (Figure 9, on color plate at page 637), liquids, 
and vacuum. Real-space atomic resolution images of 
the 7x7 reconstruction of Si(l 11) (Figure 10) as well 
as other surfaces can easily be measured in UHV . 
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Spectroscopy 
The high resolution capability of the STM can be 
applied to tunneling spectroscopy and electronic mea-
surements of surfaces. These measurements are con-
cerned with the study of the local electronic density 
of states of materials. The STM provides the oppor-
tunity to perform combined microscopic and spectro-
scopic measurements on the same local area. This 
combination has been successfully demonstrated on 
metals, semiconductors, and superconductors. Kaiser 
and Jaklevic (1986) used the STM to study the elec-
tronic surface states on Au(lll) and Pd(lll). In 
semiconductor applications, both GaAs and Si sur-
faces have been studied. Feenstra and Stroscio 
(1987) used tunneling spectroscopy to study p-type, 
n-type, and oxygen-covered GaAs(l 10) surfaces. On 
silicon, Kaiser et al. (1988) characterized the elec-
tronic properties of the hydrogen-terminated surface, 
using an STM in a nitrogen ambient . Elrod et al. 
( 1986) used low temperature tunneling microscopy 
and spectroscopy to study the superconducting prop-
erties of a niobium-tin alloy film. Shih et al. (1990) 
studied the properties of metal films with thicknesses 
in the range of 1 to 10 monolayers on GaAs (110). 
They found a layered structure for Sb films. The 
films were found to be semi-metallic with a very low 
conductivity at the Fermi-level. The Sn films went 
through a structural phase transition along with an 
electronic transition from semimetallic to metallic 
above two monolayers of coverage. 
Feenstra and Slavin (1991) have studied the 
structural and electronic properties of cleaved and 
annealed Ge(l 11) surfaces. These authors studied the 
voltage-dependent imaging of the c2x8 structure. The 
Ge surface atoms occupy two types of sites called 
"adatoms" and "rest atoms." The empty states of the 
surface are centered on the adatoms (blue in Figure 
11, on color plate at page 63 7) and the filled states of 
the surface are centered on the rest atoms (red in 
Figure 11, see page 637). The empty states of the 
surface were imaged with the STM tip negative with 
respect to the sample, and the filled states were 
imaged with the tip positive. The two images were 
combined to produce a direct view of the surface. 
The surface of GaAs(ll0) was similarly imaged 
by Feenstra et al. (1987). Figure 12 (a) and (b) show 
the constant-current STM images of the surface with 
sample voltages of + 1.9 and -1.9 V, respectively. 
Figure 12 (c) shows the orientation of the atoms on a 
Ga(l 10) surface with As atoms represented by open 
circles and Ga atoms by closed circles. The 
combined image of occupied and unoccupied states is 
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Figure 8. STM image of 2 degree vicinal Si(lO0). 
Single steps dominate the surface. The shading is 
keyed to surface curvature. (Photo courtesy of 
J.E. Griffith) . 
Figure 10. A 200 A x 200 A STM image of the 
Si(lll)- 7x7 reconstruction. The image was taken 
in a constant current mode with an UHV-STM. 
(Photo courtesy of Burleigh Instruments) . 
Note: Figures 9 and 11 are on color plate at page 
637; Figure 13 is on color plate at page 638. 
shown in Figure 13 (on color plate at page 638) . 
Comparison with the theoretical state-density con-
tours shows that the occupied state density is concen-
trated around the surface As atoms and the unoccu-
pied density around the Ga atoms. 
Electrochemistry 
Tunneling microscopy is not limited to vacuum or 
air and may be performed in liquids, expanding the 




Figure 12. Constant-current STM images of 
GaAs(ll0) acquired at sample voltages of: (a) 
+ 1.9 V and (b) -1.9 V. Surface height is given hf 
a gray scale, ranging from 0 (black) to (a) 0.83 A 
and (b) 0.6S A (white). (c) Schematic representa-
tion of surface atoms showing the position of Ga 
(open circles) and As (closed circles) atoms. The 
rectangle shows the unit cell in all three figures. 
(Photo courtesy of R.M. Feenstra) . 
The first use of STM in electrochemistry was demon-
strated by Sonnenfeld and Hansma (1986) . These au-
thors demonstrated atomic resolution images of 
HOPG in water and the topography of a gold surface 
in a sodium chloride solution. Robinson (1988) per-
formed tunneling microscopy in the presence of an 
externally applied electrochemical current. Lev et al. 
( 1988) imaged electrode surfaces under potentiostatic 
control. They used a four-electrode STM and were 
able to decouple the tip-sample bias from the sample 
potential. Wiechers et al. (1988) observed modifica-
tion of terraces on a Au electrode due to ci- absorp-
tion . The electrode was imaged in an aqueous solu-
tion of 0.05 M H2S0 4 and 5 mM NaCl. Trevor et 
al. (1989) studied the roughening and dissolution of 
epitaxially grown Au(ll 1) film on mica. They corre-
late the terrace structure changes to the oxidation and 
reduction cycles in 0.1 M HC104. Other investiga-
tors have studied electrodeposits on conductive sur-
faces. Green et al. (1988) observed in-situ deposition 
and stripping of an electrochemical film. Single steps 
of Au(ll l) were imaged during the deposition and 
stripping of a monolayer of Pb in an acid electrolyte. 
In the STM applications in solutions, the tunnel-
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ing current is non-faradaic and does not contribute to 
chemical changes in the solution or at the substrate 
surface. The faradaic currents that result from the 
redox processes at the tip and sample can also be 
used to control the motion of the electrode over the 
substrate. This implementation of the STM is called 
the scanning electrochemical microscope (SECM) 
(Kwak and Bard, 1989, and Bard et al., 1989). In 
SECM, the current is controlled by electrochemical 
reactions at the tip and the sample. The resolution of 
the SECM depends on tip-to-sample spacing, tip size 
and shape, solution resistance, and mass/charge trans-
fer rates. The tips used in SECM consist of metal 
wires sealed in glass capillaries with radii less than a 
micrometer. Applications of the SECM include 
measurements of surface topography (Kwak and Bard, 
1989), potential distributions (Kwak et al., 1990), and 
microfabrication (Craston et al., 1988, and Mandler 
and Bard, 1990). 
In application of the STM to electrochemistry, the 
tunneling tips have to be insulated leaving only the 
apex exposed to the solution. The insulation has to 
be inert in the electrochemical solution. Different 
methods have been used to insulate the tunneling tip 
and minimize the faradaic currents. Schneir et al. 
(1988b) insulated their tunneling tips by depositing 
100 nm thick SiO in a vacuum chamber. They re-
moved the SiO from the apex of the tip by field emis-
sion in an STM. To insulate their tips, Nagahara et 
al. (1989) used Apiezon wax which was inert in vari-
ous electrolytes. They reported leakage currents as 
low as 0.1 nA in 0.lM HC1O4 with a tip bias of0.l 
V. Gewirth et al. (1989) coated their tips by dipping 
them into a solution of varnish and solvent. The tip 
was then set in an upright position and the varnish 
was allowed to run off the tip . The degree of coating 
was controlled by varying the dilution of the varnish 
and the sharpness of the tip. Other coatings include 
glass (Heben et al., 1989) and polymers (Penner et 
al., 1989). 
The electrode/electrolyte interface plays a central 
role in electrochemical systems. The use ofSTM and 
SECM for in-situ studies of the electrode surfaces 
will provide insight into geometric and electronic fea-
tures of these materials. Further advancements in 
producing insulated tunneling tips and ultramicroelec-
trodes will pave the way for the future developments 
in the application of the STM/SECM to electro-
chemistry. 
Nanofabrication 
A major application of the STM is to induce local 
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modifications of surfaces. Potential uses include 
nanolithography, metal deposition, etching of semi-
conductors, micromachining, and data storage. 
The microprocessing of surfaces may be per-
formed by mechanical, thermal, electrical, or chemi-
cal means. Abraham et al. (1986) performed lithog-
raphy by scratching the surface with the tip in the 
STM. The surface was then imaged with the STM. 
The result was a feature that was 150 A across and 
30 A deep, which relaxed into a Y-shaped feature 
after 13 minutes. They were also able to produce hil-
locks that were 200 to 250 A wide and 20 A high by 
increasing the tunneling current to 1 microamp. They 
correlated these results to gold transfer from the tip 
to the sample. This gold was transferred to the tung-
sten tip during previous experiments. A similar ex-
periment was performed by van Kempen and van de 
Walle (1986). They observed an indentation of ap-
proximately 40 A deep after pressing a tungsten tip 
into an Ag(OOl) surface. Also, McCord and Pease 
(1987a) used the STM as a micromechanical tool to 
directly cut lines in 200 A films of CaF 2 and AlF3 . 
Although contact lithography is capable of pro-
ducing high resolution features, the results are not 
reproducible because of the tip changes occurring 
during contact. Non-contact lithography may be per-
formed by using the STM to induce chemical changes 
on surfaces of materials. 
Ringger et al. (1986) have formed lines that were 
approximately 20 A wide on glassy Pd8oSi19 sub-
strates without the tip touching the surface. They 
found that the observed line contrast, measured by a 
scanning electron microscope (SEM), was due to the 
increase in the secondary electron yield rather than 
the result of a topographical change. They suggest 
that a local chemical transformation of an adsorbate 
contamination layer plays an important role in this 
lithographic process. The presence of a hydrocarbon 
film on these surfaces, arising from diffusion pump 
oil, was confirmed by X-ray photoelectron spectros-
copy (XPS) measurements. 
Lithography was also done on an atomically flat 
surface of gold covered with a layer of fluorocarbon 
grease (Schneir et al . , 1988a). Features with dimen-
sions as low as 100 A were formed on atomically flat 
surfaces of gold prepared in air by melting a gold 
wire with an oxyacetylene torch. These features were 
unstable and were distorted within an hour of being 
formed. This distortion was related to the surface 
diffusion of gold. They were not able to reproduce 
these results in air. 
Formation of lines on contamination layers was 
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also investigated by McCord and Pease (1986). By 
applying 10 volts between the tip and the sample, 
they were able to produce contamination tracks on 
1000 A films of gold on silicon substrates. The line 
widths were estimated to be less than 1000 A. In the 
same paper, they also reported the first lithographic 
application of STM to Langmuir-Blodgett films. 
In another effort, the possibility of local crystal-
lization of the glassy state or Taylor cone formation 
of the locally molten surface on Rh25zr 75 substrate 
has been postulated (Staufer et al. 1987). These au-
thors were able to obtain hillocks and lines that were 
approximately 350 A wide and 100 A high by in-
creasing the bias voltage to 1.5 volts. In another 
effort, Staufer et al. (1991) analyzed the response of 
different glassy metals to nanostructure fabrication 
processes. Their results agreed with the theory of 
local heating. 
A demonstration of the ultimate capability of the 
STM as a nanofabrication tool was performed by 
Eigler and Schweizer (1990). The authors spelled 
"IBM" using xenon atoms on a nickel single crystal 
surface. The physisorbed atoms on the nickel surface 
were moved by the STM tip and arranged so that they 
spelled "IBM" . The surface was then imaged using 
the STM . The process is shown in Figure 14. 
In the above experiments, the application of the 
STM to local modification of surfaces was demon-
strated . McCord and Pease have demonstrated the 
use of STM for lithography on thin films of calcium 
fluoride (McCord and Pease, 1987b) and poly(methyl-
methacrylate) (PMMA) (McCord and Pease, 1988). 
On calcium fluoride, they induced dissociation of the 
molecules and formed 200 A wide lines by using a 
20V, 2 nA beam. The lines were developed in water 
and imaged by SEM. Analogous line widths were 
obtained on PMMA films using electron energies of 
20 to 30 eV and doses > 10-2 C/cm 2. The PMMA 
films were developed after exposure and used for 
metallization of the underlying substrate. These 
metal lines were then imaged by SEM. 
More recently, Marrian et al. (1990) have used 
STM to expose e-beam resist. These authors used 
bias voltages of 8 to 35 volts to write features as 
small as 20 nm on the resist. Dobisz and Marrian 
(1991) have obtained feature sizes of 25 to 45 nm on 
negative e-beam resist using voltages of 15 to 35 
volts in a vacuum STM (Figure 15). Marrian and 
Dobisz (1991) have also modified a thin film of 
P4BCMU e-beam resist (polydiacetylene with ure-
thane substituents) using STM. They wrote dots of 
about 12 nm wide and 6 nm high using 8.5 volt 
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pulses. The dots were combined to form the letters 
NRL (Figure 16). The surface was then imaged with 
STM. 
Etching of semiconductor surfaces has been per-
formed by STM in an electrochemical cell. Nagahara 
et al. (1990) controllably etched nanometer size fea-
tures into Si(lOO) and GaAs(lOO) surfaces using STM 
in an etching solution. They were able to etch fea-
tures as small as 20 nm in a dilute (0.05%) HF solu-
tion. They speculate that the surfaces were oxidized 
due to the high local electric field under the tip. The 
oxide was then dissolved in the HF solution. 
High resolution etching of metals and semicon-
ductors and electrodeposition of metals have been de-
monstrated with the SECM. Lin et al. (1987) etched 
submicron lines on n-GaAs in an aqueous solution of 
NaOH and EDTA with simultaneous irradiation by a 
tungsten-halogen lamp. Mandler and Bard (1990) 
used SECM to etch GaAs, GaP, CdTe, and 
Hg 1_xC~Te. Strong oxident, Br2 , was electrogener-
ated in situ at the ultramicroelectrode in a solution of 
0 .02M HBr and 0.5M HCl and used as the etchant. 
The sizes of the etched 'pits-depended on the tip-to-
sample spacing, the size of the tip, and the solution 
composition. The SECM was also used to deposit 
and etch metals. Husser et al. (1989) deposited and 
etched submicron patterns of silver, copper, and gold . 
These authors used different ionically conducting 
polymers such as in Nation, poly(4-vinylpyridine), 
and poly(bis-(methoxyethoxide) phosphazene) on the 
substrate as the electrochemical media. 
The STM has also been used for direct deposition 
of metallic features from an organometallic gas. 
Ehrichs et al. (1988) used the STM to directly write 
cadmium features as small as 200 A on copper and 
silicon substrates in a dimethylcadmium gas environ-
ment. In another study, McCord et al. (1988) report-
ed fabrication of metallic lines on silicon substrates 
with features as small as 100 A by operating the STM 
in the field emission mode in an organometallic gas 
ambient. They observed a deterioration in the line 
resolution due to metal deposition on the tip. 
Mamin et al. (1990) showed that gold tips can be 
used as a solid-state emission source by field evapora-
tion. Mounds of gold were deposited on a Au(ll l) 
surface with pulses of 3.5 to 4 volts and 10 to 600 ns 
duration. The mounds were typically 100 to 200 A 
diameter and 20 to 30 A high. They used the STM 
to write several thousand mounds without any ob-
served degradation in the tip's ability to emit atoms. 
Mamin et al. (1991) showed that the structures were 
stable for weeks and at elevated temperatures. 
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Figure 14. A sequence of STM images taken dur-
ing the creation of the letters "IBM" on a nickel 
surf ace. The xenon atoms were moved across a 
nickel (110) surface using the STM. Image (a) 
shows xenon atoms scattered on the surface. 
Images (b) and (c) show the intermediate steps as 
the atoms are moved into position. Image (d) is 
the completed pattern showing the letters "IBM". 
(Photos courtesy of IBM Research Division, 
Almaden Research Center, San Jose, California). 
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Figure 15. SEM photographs of line patterns on 
60 nm resist. The lithography was performed with 
an STM. The feature sizes depend on the writing 
voltage. The line-widths are (a) 25, (b) 35, and (c) 
45 nm for applied voltages of 15, 25, and 35 V, 
respectively. (Photo courtesy of C.R.K. Marrian). 
Figure 16. STM image of a thin film of polydi-
acetylene, P4BCMU. The film was modified litho-
graphically in an STM. Each dot is about 20 nm 
wide and 8 nm high. (Photo courtesy of C.R.K. 
Marrian) . 
Figure 9. STM image of a 
highly oriented pyrolytic 
graphite surface. The image 
was taken in constant height 
mode in air . 
Figure 11. Combined color 
STM images of the ~(111) sur-
face with a c2x8 reconstruction. 
The ~ surface atoms occupy 
two types of sites called 
"adatoms" and "rest atoms". 
Empty states of the surface are 
centered on the adatoms. Filled 
states of the surface are cen-
tered on the rest atoms. The 
image of adatoms was acquired 
by tunneling into the empty 
states (blue) and the image of 
rest atoms was obtained by tun-
neling out of the filled states 
(red). Combining the images 
produces a direct view of the 
enti.re surface structure. (Photo 
courtesy of R.M. Feenstra). 
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Figure 13. Combined 
STM images of the 
GaAs(ll0) surface , 
showing the Ga atoms 
and As atoms. The 
image of Ga atOlllS was 
acquired by tunneling 
into empty states which 
are localized around 
surface Ga atoms 
(blue). The image of As 
atoms was acquired by 
tunneling out of tilled 
states which are local-
ized around surf ace As 
atoms (red). (Photo 
courtesy of R.M. 
Feenstra). 
Figure 17. STM images taken 
on a gold coated compact disk. 
The scan sizes are 2000x2000 
nm, 1500x1500 nm, 800x800, 
and 300x300 nm. The gold 
grains are visible on the 
surface. 
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Figure 27. An SFM image of a 
diamond crystal grown on a cir-
cular seed crystal. The scan 
size is 70x70 µm. (Diamond 
sample courtesy of K. Snail and 
C. Marks). 
Figure 28. An SFM image of a 
test pattern on an integrated 
circuit. The scanned area is 
50x50 µm . 
The Scanning Probe Microscope 
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Figure 31 (at right). An SFM 
image of blood cells. The 
sample was prepared by simply 
putting a small drop of blood 
on a glass slide and air drying 
for 30 minutes. The scan size is 
30x30 µm. 
Figure 35c (see Figures 35a and 
35b on page 653; Figure 35c be-
low). An image of a Nuclepore 
membrane filter taken with the 
scanning ion-conductance mi-
croscope. The pores are 0.8 µm 
in diameter. The scan size is 
7 .8x4.S µm. (c) The image of 
ion currents from the pores 
taken with the scanning ion-
conductance microscope. 
(Photos courtesy of P. Hansma 
and G. Kelderman). 
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Dagata et al. (1991) have brought the STM one 
step closer to being used as a tool for electronic de-
vice processing. These authors used the STM to 
form ultra-shallow (2 nm) oxide features on silicon by 
adjusting the bias voltage between the tip and the 
sample in the presence of oxygen. The patterned sili-
con was used in a subsequent processing step for se-
lective-area gallium arsenide molecular beam epitaxy 
(MBE). The patterned oxide withstood the tempera-
ture cycling up to 800 °C, required for MBE. 
It is clear that the STM can be used for nanoli-
thography, metal deposition, and etching. But the 
processes already discussed are too slow to be used in 
manufacturing of integrated circuits. With further de-
velopment, the STM could be used in special device 
processing where quantity and speed are not required. 
Biological Materials 
The possibility of applying the high resolution of 
the STM to the study of biological materials is intri-
guing. Many studies have been performed on DNA 
molecules with varying success. Researchers (Barris 
et al., 1988; Lindsay et al. , 1988; and Lindsay et al . , 
1989a,b,c) have demonstrated the ability to image 
DNA molecules in an aqueous solution with molecu-
lar scale resolution. Also, Amrein et al. (1988) 
obtained images of freeze-dried recA-DNA complexes 
coated with a conducting metal film . The STM re-
solved the number of recA monomers per helical 
repeat of the complex. 
STM images have also been taken on uncoated 
DNA samples in air (Lee et al . , 1989; Dunlap and 
Bustamante, 1989). Beebe Jr . et al. (1989) imaged 
double -stranded DNA and were able to distinguish 
major and minor grooves. Arscott et al. (1989) 
studied the Z-DNA with the STM . Their measure-
ments of the general structure and helical parameters 
agreed with models derived from x-ray diffraction. 
Li et al. (1991) obtained STM images of B- and Z-
DNA. On B-DNA, major and minor grooves could 
be distinguished. On Z-DNA, the left handedness of 
the helix was identified. 
One of the most promising results on DNA has 
recently been obtained by Driscoll et al. (1990). 
These authors obtained real space atom-resolved 
images of double-helical DNA using STM in an ultra 
high vacuum environment. The DNA was deposited 
on HOPG without further processing. The experi-
mental STM profiles correlated with the modeled 
contours of the van der Waals surface of A-DNA 
(Youngquist et al. , 1991). 
Large molecules have also been imaged with 
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STM. Edstrom et al. (1991) used the STM to image 
the uncoated components of the skeletal muscle glyco-
genolytic complex in air . The images they obtained 
correlated well with the known features of the mole-
cules except that the measured height was 30 % of the 
true thickness . The discrepancy in height could be 
the result of the forces exerted on the molecules by 
the tip. Masai et al. (1991) have also imaged large, 
uncoated fibrous actin polymers from muscles. The 
structural features of the F-actin paracrystals were 
consistent with those measured with a transmission 
electron microscope. Welland et al . (1989) have 
imaged the globular protein vicilin molecules. Their 
measurements correlated with the overall shape de-
duced from x-ray scattering. In another study, 
Edstrom et al. (1989) used STM to image phosphory-
Jase kinase and phosphorylase b, which are protein 
molecules . The images of phosphorylase b were 
consistent with measurements based on other tech-
niques . The images of phosphorylase kinase gave 
thickness values that were one-fourth to one-half of 
the expected value. 
Large molecules have also been imaged in solu-
tions (Lindsay, 1989). Mainsbridge and Thunclat 
(1991) used the STM to image grana and lamellae of 
spinach chloroplasts directly in a buffer solution . The 
samples were electrochemically deposited on a gold 
substrate while in the buffer solution. They observed 
the possible contact sites on the membrane surface 
where the proteins are imported selectively into the 
membrane. 
STM measurements have been performed on 
large molecules that were coated with a conductive 
film . Amrein et al. (1991) used the STM images to 
complement their measurements with the transmission 
electron microscope. The STM measurements were 
performed on freeze-dried and metal-coated protein 
layers. Three-dimensional images of the structural 
details of the individual protein complexes were 
obtained. Blackford et al. (1991) have imaged large 
molecules that were coated. The images were obtain-
ed on hoop-shaped components separated from the 
cell sheath by chemical treatment. 
Although extensive progress has been made in 
imaging biological molecules with STM, the theoreti-
cal basis for the conduction and contrast mechanism 
is not well understood. The molecular adsorbates are 
generally nonconductive, but in most cases sufficient 
contrast can be obtained in STM measurements. 
Only a few attempts have been made in explaining 
this discrepancy. Lindsay et al. (1988) have indi-
cated that the adsorbate deformation plays a role in 
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contrast mechanism. Keller et al. (1989) and 
Salmeron et al. (1990) have suggested a model where 
the electron tunnels from the tip into a weakly ad-
sorbed molecule. The electron propagates in through 
the molecular potential well and then tunnels to the 
substrate. The tunneling probability is enhanced 
when resonant tunneling occurs for some values of 
the electron energy. Similarly, Lindsay et al . ( 1990) 
have proposed a model in which tunnel conduction is 
enhanced by resonance effects. The resonant tunnel-
ing enhancement occurs when the Fermi energy of 
the molecule is close to the Fermi energy of the elec-
trodes . Lindsay et al. (1990) propose that this occurs 
due to the pressure exerted by the STM tip. Yuan 
and Shao (1990) have suggested a model which indi-
cates that quantum interference electrons are an 
important factor in the contrast mechanism of biologi-
cal molecules. These authors point out that the ob-
served contrast patterns may not be directly inter-
preted as the structures of the molecules. 
Also, care must be taken when using HOPG as a 
substrate for STM imaging of organic and biological 
materials . Chang and Bard (1991) obtained images of 
features which covered 1 % to 10% of the cleaved 
HOPG surface. Images included cleavage steps, sin-
gle and double stranded graphite structures stretched 
over a few micrometers, graphite fibers, ultrasmall 
carbon particles of 5 to IO A diameter, and broken 
graphite pieces forming star-like features. Clemmer 
and Beebe Jr. (1991) measured periodic features on 
the cleaved surface of HOPG with periods in the 
range of 18 to 53 A. Some of these features could be 
confused with DNA. These authors also found fea-
tures with nonuniform sizes which resembled struc-
tures of biological molecules. 
It is clear that the STM can be an extremely use-
ful tool in biochemistry. But, further progress in the 
application of STMs to biological materials will · re-
quire a better understanding of the conduction and 
contrast mechanism. Improved sample preparation 
techniques and the selection of suitable substrates that 
are free of artifacts are also necessary. 
Topography 
The STM has also been used as a metrology tool. 
The STM has been applied to topographical mapping 
of a grating replica and a diamond-turned surface 
(Dragoset et al., 1986). Surface structures on a 
diamond-turned gold mirror were observed which 
were not detected with other techniques. Figure 17 
(see color plate at page 638) is an image of a compact 
disk' showing the data bits and the grain structure of 
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Figure 18. STM image of a magnetic storage me-
dium from a hard disk drive. The image shows a 
formed groove and grains from the thin film on 
the surface. The scan size is 400x400 nm. 
the gold thin film. In Figure 18, the tracks and grain 
structure were measured on a magnetic disk. The un-
precedented resolution of the STM can be used to 
map and understand the surface roughness and struc-
ture of thin films, diamond -turned surfaces, and mir-
rors for X-ray and UV applications. Future develop-
ment of higher aspect ratio probes (Vasile et al., 
1991) and encoder based scanners (Griffith et al., 
1990, and Barrett and Quate, 1991a) will lead to ap-
plications in critical dimension measurements in 
integrated circuit development. 
Scanning Force Microscope 
One of the most important developments since the 
STM is the atomic force microscope (AFM). The 
AFM was originally introduced by Binnig et al. 
(1986) for measuring surface morphology in the 
atomic repulsion mode. Generally, the force micro-
scope can be used to study several different probe-
surface interactions. These interactions include 
interatomic, frictional, magnetic, electrostatic, and 
adhesion forces. The force microscope is also used 
as a high resolution imaging device for both conduc-
tive and insulating materials, significantly adding to 
the capabilities of the STM. Because of the different 
applications of the force microscope, we will refer to 
it as the scanning force microscope (SFM). A com-
plete review of the SFM and its applications is given 
by Sarid (1991). 
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Figure 19. Schematic representation of the tun-
neling detection method for the SFM. The tip is 
brought into tunneling on the back of the canti-
lever. As the sample is scanned under the canti-
lever, the deflection of the cantilever is sensed 
from a change in tunneling current. A signal is 
sent out to correct the position of the sample and 
therefore the cantilever . 
Principles of Operation 
The principle of operation of the force micro-
scope is similar to other stylus profilometers except 
the forces and deflections in the SFM are much 
smaller (I0 -8 to 10-11 N) than those of conventional 
stylus profilometers (10-3 to 10-6 N). A sharp point 
is mounted on a flexible cantilever and is moved 
across the surface. There are three modes of opera-
tion . In the constant force mode, the deflection of 
the cantilever is held constant by adjustment of the 
vertical position of the tip or the sample with a feed-
back loop similar to that of the STM. In a second 
implementation, the sample is kept at a constant 
height and the deflection of the cantilever is recorded . 
Toe deflection of the cantilever is used to reconstruct 
the surface topography. The last implementation is 
mostly used to measure the long range forces . In this 
mode, the cantilever is modulated near its resonance 
frequency and the amplitude of the vibration is moni-
tored as the tip is brought near the surface. 
Most of the instrumentation and mechanical de-
sign requirements for the SFM are the same as those 
for the STM. The only additional requirements are 
the electronics and mechanical system associated with 
the technique used to detect the cantilever deflection , 
which is described below. 
Deflection Detection Systems 
Toe first technique used to detect the deflection 
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of the cantilever was based on tunneling between a tip 
and the back of the cantilever (Binnig et al., 1986). 
In this implementation , the tip is brought into tunnel-
ing range behind the cantilever. As the sample is 
scanned under the cantilever, its z-position is adjusted 
in response to the change in tip-cantilever tunnel cur-
rent. A feedback loop similar to that of the STM is 
used to control the sample position. This is schemat-
ically represented in Figure 19. Although this tech-
nique has the inherent high vertical resolution of 
STM, it has many disadvantages . Since the tunneling 
tip is only several Angstroms from the cantilever, it 
exerts a force on the cantilever. The tip also interacts 
with the cantilever through the contamination present 
in air. The tunneling current is sensitive to the 
roughness of the backside of the cantilever because of 
the thermal drift in the position of the tip. 
Another technique used to measure the deflection 
of the cantilever is the capacitance method. The 
capacitance is measured between the back of the can-
tilever and a capacitance probe (Goddenhenrich et al . , 
1990). A capacitance probe was originally used to 
map the lateral dopant profile on silicon (Williams et 
al ., 1990). This approach is prone to thermal drift. 
Interferometry has also been used to detect the 
motion of the cantilever (Figure 20). Martin et al. 
(1987) used an optical heterodyne detection system to 
measure the motion of the cantilever. In this method, 
the cantilever is vibrated near its resonance frequency 
close to the surface . The tip displacement can be 
measured over a large range of frequencies and am-
plitudes with high sensitivity . These authors were 
able to measure the tip-sample force with the tip-
sample spacing of 30 to 150 A. Also, they used the 
force signal to maintain a constant tip-sample spacing 
and to image the surface with 50 A resolution . An 
improvement to this technique was offered by Hobbs 
et al. (1989) who added a lock-in detection. They 
used the instrument for magnetic imaging with 25 nm 
resolution. 
A homodyne detection system was used by 
McClelland et al . (1987) to obtain images with a lat-
eral resolution of 20 nm and a vertical resolution of 
1 nm. Rugar et al. (1988) used a fiber-optic interfer-
ometer along with the homodyne detection system. 
A sensitivity of l.7x10- 4 A / v'Hz was measured 
above 2 kHz. 
A technique developed by Sarid et al. (1988) uses 
interference effects in a laser diode to sense the 
motion of the cantilever. In this technique, a laser 
diode with an integral photodetector is mounted on 
the back of the cantilever. The cantilever is mounted 
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Figure 20. Schematic representation of an 
interferometer-based deflection sensor. 
on a piezoelectric ceramic for modulation (Figure 
21). The laser light is highly divergent, and only a 
small amount of the reflected light reenters the laser. 
This light interferes with the gain medium and a sig-
nal is generated at the photodiode. The signal is at 
the same frequency as that of the modulation frequen-
cy of the cantilever and is measured with a lock-in 
amplifier. 
The laser-diode feedback sensor can be made 
small, as shown in Figure 22(a). The output from a 
phase sensitive detector connected to the sensor for a 
1 A amplitude vibration of a cantilever is shown in 
Figure 22(b). The minimum detectable signal was 
found to be 0.03 A, which was limited by the thermal 
vibration of the cantilever. An image of a magnetic 
domain on a magneto-optic storage medium is shown 
in Figure 22(c). The image was taken using the 
laser-diode feedback system (Sarid et al. , 1990). 
The simplest and most widely used technique is 
the optical lever method. In this implementation 
(Meyer and Amer, 1988), a beam from a laser diode 
is focused on the back of the cantilever. The beam is 
then deflected into a split photodiode detector. The 
difference signal from the split photodiode detector is 
used for feedback control. If the cantilever bends, 
the beam shifts slightly from one side of the detector 
to the other side resulting in a change in the differ-
ence signal (see Figure 23). The relative position of 
the cantilever-sample is then adjusted to return the 
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Figure 21. Schematic representation of a laser-
diode feedback system. The laser diode is placed 
behind the cantilever. A small amount of light re-
flected from the cantilever enters the laser diode 
and interferes with the gain medium. The change 
in the output of the laser diode is detected in the 
integral photodiode. This signal is used to monitor 
the deflection of the cantilever. 
Force Sensors - Cantilevers 
Cantilevers play a critical role in force micros-
copy. For consistent measurements, cantilevers have 
to be made reproducibly . The cantilevers have to be 
soft enough to deflect with small forces. Experiment-
al evidence suggests that forces needed for measure-
ments are 10-8 to 10-11 N. If we assume that the 
measurement sensitivity for deflection of the canti-
levers is 1 A, then the cantilevers must have force 
constants of 0.1 to 100 N/m. The force constant for 
a rectangular cantilever is given by (Vedosic, 1987): 
where E is the modulus of elasticity, t is the thick-
ness, w is the width, and L is the length. For trian-
gular cantilevers, the force constant can be approxi-
mated to that of two rectangular cantilevers in parallel 
(Albrecht, 1989). 
Cantilevers must also have high resonance fre-
quencies to achieve fast imaging. The resonance fre-
quency of a rectangular cantilever is given by 
(Thompson, 1987): 
The Scanning Probe Microscope 
O.S ,,,. t------i 
Figure 22. Performance and size of laser-diode 
feedback system. (a) The actual size of the laser-
diode feedback system. (b) The output signal from 
the phase sensitive detector when the cantilever 
was vibrated with a 1 A amplitude. (c) An image 
of a magnetic domain on a magneto-optic storage 
medium. The diameter of the domain is 2.5 µm. 
(Photos courtesy of D. Sarid). 
where p is the density of the material. Typically, the 
cantilevers should have resonance frequencies which 
are 100 times higher than the fastest scan rate, 10 to 
100 kHz. This is achieved by making cantilevers 
small. If the cantilever is used in a non-static mode 
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Figure 23. Schematic representation of the optical 
deflection detection scheme. Light from a laser 
diode is focused on the back of the cantilever and 
is reflected into a dual photodiode. As the canti-
lever bends, the position of the beam on the photo-
diode changes. The change is reflected in the dif-
ference of the output signals from the two halves 
of the detector. This signal is used in the feedback 
loop to keep the force on the cantilever constant. 
then a high mechanical Q will result in higher sensi-
tivity. Cantilevers are made stiff laterally by forming 
triangular shapes, which results in reduction of the 
lateral motion during imaging (Albrecht et al . , 1990). 
The cantilevers used in the initial measurements 
in force microscopy were either made out of wires or 
metal foil. The tips were either chemically formed or 
composed of pieces of diamond that were attached to 
the foil. Albrecht (1989) has shown that the methods 
of silicon processing and micromachining can be used 
to produce cantilevers with integrated tips. The tech-
nique for fabrication of Si3N4 cantilevers is shown in 
Figure 24. Using standard processing techniques, a 
SiO2 mask is deposited on a Si(lOO) substrate. Then, 
3x3 µm square windows are opened in the mask ex-
posing the silicon substrate. The silicon is anisotrop-
ically etched through the windows leaving pyramidal 
pits. The SiO2 mask is etched away and a Si3N4 film 
is deposited over the surface conforming to the shape 
of the pyramidal pits. Cantilever patterns are formed 
and etched on the Si3N4 film. A glass plate (Figure 
24c) is anodically bonded to the nitride surface. The 
Cr coated region of the glass inhibits bonding to the 
nitride film and is cut away. The silicon substrate is 
etched away, leaving cantilevers attached to the glass. 
The back of the cantilever is gold coated to enhance 
reflection. 
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Figure 24. Fabrication of nitride cantilevers with 
integrated tips. (a) A SiO 2 mask is deposited on a 
silicon (100) substrate. 3x3 µm windows are 
opened in the mask and the underlying silicon is 
anisotropically etched forming pyramidal pits. (b) 
The silicon mask is removed and a Si3N4 film is 
deposited on the surface which conforms to the 
shape of the pits. The nitride film is then pat-
terned into the shape of a cantilever. (c) A glass 
plate is then anodically bonded to the nitride sur-
face. The chrome plating inhibits bonding to the 
cantilever itself. (d) The glass over the cantilever 
is sawed off. (e) The underlying silicon is etched 
leaving the cantilever attached to the glass. The 
backside of the cantilever is coated for enhanced 
reflection or conductivity. (Drawings courtesy of 
T. Albrecht). 
Currently, two manufacturers offer cantilever 
wafers with a large number of cantilever chips and 
different size cantilevers using fabrication techniques 
similar to the one described (Park Scientific Instru-
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ment and Digital Instruments) . An optical image of 
a cantilever (Park Scientific Instrument's Micro-
levern1) taken on a wafer by Park Scientific Instru-
ments system is shown in Figure 25. The cantilever 
is 200 µm long and each side is 20 µm wide. An 
SEM photo showing the side view of a cantilever and 
the integrated tip near the sample is shown in Figure 
26 (PSI Microlevern1). Similar techniques have been 
developed by other research groups for fabricating 
cantilevers. Akamine et al. (1990) have fabricated 
silicon nitride cantilevers with integral, single-crystal 
silicon tips. The silicon tip is located at the end of 
the cantilever and has a radius of curvature of 220 to 
400 A. Wolter et al. (1991) have developed canti-
levers with integrated sharp, high-aspect-ratio tips. 
The cantilevers are 100 to 500 µm long, 20 to 40 µm 
wide, and 4 to 6 µm thick. The tips are conical with 
a cone angle of less than 40 to 50 degrees. Since the 
tip, cantilever, and holder are made of silicon single 
crystal, strains due to thermal mismatch from the de-
posited thin films are minimized. Also , the sensor is 
semiconductive and may be used for electrostatic 
force measurements. Tortonese et al . (1991) have 
fabricated a silicon cantilever with an integrated 
piezoresistor for sensing the deflection. These 
authors were able to measure deflections of less than 
2 A. Further development in this area could lead to 
a very simple and compact SFM which could be used 
in UIN and at low temperatures. 
Applications of SFM 
Van der Waals Interaction 
When two bodies are brought close to each other, 
they interact through the Van der Waals forces (in the 
absence of electrostatic or magnetic forces) . The Van 
der Waals forces are long-range forces and originate 
from polarization, induction, and dispersion effects 
(Burnham and Colton , 1992). The polarization force 
is the result of the interaction of the permanent mul-
tipole moments of the molecules. The induction force 
results from the interaction of the permanent multi-
pole moment of c 1e body with the induced moment 
of the other. The dispersion force is the result of the 
induced dipole interaction from the fluctuation of 
electrons around the nucleus (McClelland et al., 
1987). 
In general , the major contribution to the van der 
Waals forces is from dispersion. The interaction 
potential between two atoms is: 
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Figure 25. An optical image of a Park Scientific 
Instruments MicroleverTI( taken on a wafer. (Photo 
courtesy of M. Kirk). 
Figure 26. An SEM photograph of a Park Scien-
tific Instruments MicroleverTI(. (Photo courtesy of 
G. Kelderman). 
where C 1 is the London dispersion constant and r is 
the separation distance. For a model of a sphere and 
a plane, the interaction potential is 
U(r) = - (AR) I (6r) 
where A is the Hamaker constant and R is the radius 
of the sphere. This force can be either attractive or 
repulsive. The interaction potential for other objects 
can be found in the book by Israelachvili (1986). 
Both attractive and adhesive forces between a 
cantilever tip and a sample surface have been studied 
by Burnham et al. (1990). These authors used the 
force microscope to characterize tip-surface interac-
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tions as a function of sample surface energy. The 
SFM was used to observe the surface force difference 
between samples covered with a monolayer of thin 
films. The SFM was sensitive enough to distinguish 
between surface monolayers containing group -CH3 
and those containing group -CF 3• 
An atomistic mechanism for tip-surface interac-
tion has been proposed by Landman et al. (1990). 
They used molecular dynamics simulations to investi-
gate the mechanisms for adhesion, contact formation, 
nano-indentation, separation and fracture for a nickel 
tip and a gold surface. Both the theoretical calcula-
tions and experimental measurements showed hystere-
sis in force versus distance curves . Future develop-
ments of ultra-high-vacuum based SFMs will allow 
controlled studies of tip-surface interactions and 
complete verification of the theoretical findings. 
Ionic Repulsion -
Atomic Imaging and Topography 
As two atoms are brought closer to each other, 
there is a strong ionic repulsion between them. This 
ionic repulsion results from the overlapping of the 
electron clouds around the two atoms. The potential 
is given by (Lennard-Jones, 1932): 
U(r) = C2/r
12 
The topographical images by SFM are usually taken 
in the repulsive mode. The strong dependence of the 
force on interatomic spacing allows for atomic reso-
lution imaging with the SFM. 
Atomic resolution images have been achieved us-
ing the short range repulsive forces. Albrecht and 
Quate (1987) were the first to obtain atomic resolu-
tion images on highly oriented pyrolytic boron ni-
tride, a non-conductor. Binnig et al. (1987) used the 
SFM with the tunneling detection scheme and nitride 
cantilevers to obtain atomic resolution images of 
graphite. Atomic resolution images have also been 
obtained on transition metal dichalcogenides (Albrecht 
and Quate, 1987; and Meyer et al., 1990), native 
oxide on silicon (Alexander et al., 1989), lithium 
tlouride (Meyer et al., 1989; and Meyer et al., 
1991), and sodium chloride (Meyer and Amer, 1990). 
Care must be taken when analyzing atomic reso-
lution images obtained with SFM. To date, all atom-
ic resolution images have been obtained on highly pe-
riodic surfaces. Mizes et al. (1987), and Albrecht et 
al. (1988) have shown that images with atomic perio-
dicity can be obtained when periodic surfaces are 
scanned with multiple tips. Abraham and Batra 
( 1989) demonstrated that in order to obtain atomic 
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resolution with tip forces used in experiments, the ef-
fective SFM tip must be composed of several atoms. 
These authors were able to reproduce a wide variety 
of images for graphite by assuming that the SFM tip 
carried a graphite flake while scanning the surface. 
Atomic resolution images obtained on LiF (a non-lay-
ered structure) by Meyer et al. (1991) rule out the 
presence of flakes or shearing of layers as a contrast 
mechanism. The authors point out that the large 
force of 1 o-8 N used in their experiments is distrib-
uted on the surface by the presence of a contamina-
tion layer present on the surface (Mamin et al., 
1986). The authors indicated that no decisive inter-
pretation of images could be given due to uncontrol-
led parameters such as the tip shape, influence of 
frictional forces (Mate et al., 1987) and presence of 
adsorbates on the surface. Further progress in inter-
pretation of the atomic resolution images requires a 
better theoretical understanding of tip-surface interac-
tion and control of the above variables in experi-
ments. 
The SFM can be used to image surface morpho -
logy from atomic dimensions to over lOOxlOO µm 
areas. The surface topography capability allows for 
imaging of fine details (Figure 27, on color plate at 
page 639). As integrated circuit technology advances 
to smaller linewidths, the SFM is expected to become 
a useful tool for research and development (Figure 28 
on color plate at page 639). The SFM instruments 
can be combined with optical microscopes and used 
for process control. Future advances in probe tech-
nology and encoder based scanners will allow the 
SFM to be used as a metrology tool for measurements 
of critical dimensions (Griffith et al., 1992) . 
Friction 
Any two surfaces that are in contact and move 
relative to each other result in frictional forces . The 
study of frictional forces and the control of surface 
wear are important in many technologies ranging 
from automobile engine components to the sliding re-
gions of magnetic disk media (Miyamoto et al., 
1990). Most friction and wear theories are based on 
macroscopic studies that have been performed and 
analyzed separately. Miniaturization and micro ma-
chining of mechanical parts are making the interacting 
surfaces smaller. This requires a better understanding 
of friction on a microscopic scale. 
Mate et al. (1987) measured the frictional force 
on a tungsten tip sliding on a graphite substrate for 
loads < 10-4 N. The authors observed that the fric-
tional force displayed a corrugation with periodicity 
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of 2 .5 A with a tip load of 2.4xI0- 5 N. This is the 
same as the periodicity of the honeycomb structure of 
the graphite surface . Similar measurements were per-
formed by Erlandsson et al. (1988) on a cleaved mica 
substrate. The frictional force was shown to vary 
with the periodicity of the hexagonal layer of SiO4 
units that form the cleavage plane of mica. 
The force microscope can be used in process con-
trol to study and improve wear characteristics of 
materials. Miyamoto and Kaneko (1991) used a force 
microscope to study wear marks and frictional force 
distribution on various thin films. They found that a 
CF 4 plasma treatment significantly enhances the lubri-
cating effect of the silicon-containing amorphous 
carbon film. 
The above experiments clearly show the depend-
ence of frictional forces on the atomic nature of 
surfaces and could lead to an understanding of the 
dynamics of friction on the atomic scale. 
Electrostatic Imaging 
The SFM is also capable of detecting electrostatic 
forces. Terris et al . (1990) used a force microscope 
to deposit and image localized charge on the surface. 
The charge was put on the surface with a 25 ms, 100 
V pulse while the tip was 1000 A away from the sur-
face . As the surface was scanned, the probe sensed 
the force from the local charge distribution in addi-
tion to the van der Waals forces present. The local-
ized charge was distinguished from the topographical 
features by changing the bias voltage between the 
cantilever tip and the sample . This also allowed the 
polarity of the charges to be distinguished . 
Similarly , Barrett and Quate (1991b) have used 
the SFM to store localized charges in nitride-oxide-
silicon films . The trapped charge was detected by the 
change in capacitance between the tip and the sample. 
The stored charge had an effective size of 750 A full 
width at half maximum and was stable over a period 
of seven days. In a further extension of their work, 
these authors demonstrated that 256 kilobits of infor-
mation can be stored over a 120 µm x 120 µm area 
with an error rate of less than 0.03 % (Barrett and 
Quate, to be published) . 
Abraham et al . (1991) used the force microscope 
to measure the capacitive forces between the canti-
lever and the sample. They obtained lateral dopant 
profiles on silicon from the depletion-induced capaci-
tance. The data were converted into the dopant pro-
file using the known tip geometry. The lateral 
resolution was limited by the tip diameter and was 
about IO to 100 nm . This technique can be used to 
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measure dopant concentrations from 1015 to 1C>2° 
cm-3• In addition to measuring the dopant profile, the 
SFM can be used to simultaneously obtain a topogra-
phic map of the surface. This is useful in studying 
devices such as field-effect transistors and p-n 
junctions in diodes. 
Magnetic Media 
Magnetic data storage has been moving towards 
higher density and faster read/write times. For this 
reason, the read/write head has to move at very high 
speeds within a few thousand Angstroms of the sur-
face. This requires stringent conditions on the thin 
films and the substrates used for the production of 
magnetic media (Strecker and Persch, 1991). 
STM and SFM can be used to monitor and con-
trol the surface finish at each process step with high 
resolution. Bushan and Blackman (1991) used an 
SFM to investigate the roughness of differently pre-
pared rigid magnetic disks and sliders. They found 
that the surface topography statistics obtained from 
the SFM data showed significant differences from the 
data taken with a non-contact optical profiler. Toe 
SFM data showed surface asperities with radii of cur-
vature two to four orders of magnitude smaller than 
those obtained from the optical profiler data. 
Toe SFM can also be used to measure the distri-
bution of liquid films on surfaces. Thin lubricating 
films are used on magnetic rigid disks to improve the 
wear performance . Knowledge of the surface distri-
bution of these films can lead to a better understand-
ing of their lubricating properties. Mate et al . ( 1989) 
have shown that the thickness of liquid films on sur-
faces can be measured by using force versus distance 
curves in an SFM. This is done by moving the sam-
ple towards the tip while monitoring the cantilever 
motion. When the tip comes in contact with the sur-
face, the liquid wicks up around the tip and forms a 
meniscus which results in an attractive force on the 
cantilever. As the sample is moved further towards 
the tip, the force on the cantilever remains constant 
until tip-substrate contact is made. At this point the 
force becomes repulsive. The difference in position 
between the point at which the force becomes attrac-
tive and the point where it becomes repulsive is 
equivalent to the liquid film thickness. This tech-
nique was used by Bushan and Blackman (1990) to 
characterize the distribution of lubricants on magnetic 
rigid disks. They found a large variation in liquid 
film thickness across the disk. The average thickness 
measured was an order of magnitude lower than the 
nominal value. This result was in agreement with the 
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expectation that a large percentage of the lubricant 
was in pores below the surface. Mate et al. (1989) 
also mapped the distribution of a liquid film on a 
substrate by first measuring the liquid surface with 
the SFM in attractive mode. The image was then 
subtracted from the image of the substrate obtained 
with the SFM in repulsive mode. The difference in 
these images was presented as the liquid film dis-
tribution on the surface. 
Magnetic heads are also becoming smaller and 
more sophisticated. Recently, thin film processing 
has been used to produce pole tips in the magnetic 
heads. The material used for pole tips is softer than 
the surrounding area. During mechanical polishing, 
the pole tip often recesses from the surrounding area 
and is farther away from the air bearing surface and 
the magnetic media. Since the signal-to -noise ratio is 
inversely proportional to the pole tip-magnetic media 
distance, the control of the pole tip recession is criti-
cal. The SFM is used to characterize these pole tips 
for process control and uniformity with high 
resolution. 
Toe SFM can also be used to map the magnetic 
domains of the media with high resolution (Rugar et 
al. , 1988). By using a magnetic cantilever, the mi-
croscope can directly sense the magnetic forces. In 
this implementation, the instrument is referred to as 
the magnetic force microscope (MFM). The cantilev-
ers used for MFM can either be made directly from 
ferromagnetic wires or foils , or batch processed canti-
levers can be coated with thin ferromagnetic films 
(Griither et al . , 1990). These authors used the MFM 
to image 8 µm wide tracks on a longitudinal record-
ing sample using cantilevers with tips magnetized in 
a different direction relative to the sample. Both at-
tractive and repulsive magnetic interactions were im-
aged . Toe MFM image of 5 µm bits on cobalt alloy 
disk is shown in Figure 29 (Rugar et al . , 1990). Fig-
ure 30 shows two tracks written at two different fre-
quencies on a previously erased area of Co-alloy disk 
(Rugar et al . , 1990). Light shading was used to 
emphasize the domain boundaries . 
The MFM is easily applied to the study of mag-
netic media without sample preparation and can be 
used regardless of the properties of the thin film 
media or coatings. It is expected that both SFM and 
MFM will play a significant role in the future 
development of magnetic storage devices. 
Biological Materials and Organic Molecules 
As with the STM, one of the most exciting 
applications of the SFM is the imaging of biological 
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Figure 29. An MFM image or a S µm bit track in 
Co-alloy. (Photo courtesy or H. J. Mamin). 
Figure 30. An MFM image or two bit tracks writ-
ten at two different frequencies on Co-alloy disk. 
The section or the disk was erased before the bits 
were written. (Photo courtesy or H. J. Mamin). 
materials . The SFM can be used to image biologi cal 
samples in buffer solutions and at room temper ature 
with molecular resolution . 
Weisenhorn et al. (1990) imaged lipid prot ein 
membranes and actin filaments by atomic force mi-
croscopy. The proteins were immobilized on lipid 
membranes on quartz and mica and were submerged 
in buffer solution. The images obtained depended on 
the applied force. At a low applied force of less than 
5 nN, the authors observed long elevated structures. 
Submolecular details were visible in the areas packed 
with proteins. The structures possessed a characteris-
tic four-leaf shape with dimensions of 12x6x2 nm3 
which was correlated to immunoglobulin domains of 
the proteolipid. The observed sizes were approxi-
mately 30% larger than expected because of the tip/ 
sample interaction and the convolution of the tip and 
sample. With forces above 10 nN, only the under-
lying membrane was visible. This force was large 
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enough to push the proteins aside. The authors also 
imaged actin filaments on cleaved mica. The fila-
ments were formed by surface-induced polymeriza-
tion and immobilized by Coulomb interaction to the 
substrate . The SFM images (with force < 5 nN) 
showed individual filaments. It was found that forces 
above 30 nN pushed aside the filaments such that the 
underlying mica could be imaged . 
Single-stranded DNA was imaged by Weisenhorn 
et al . (1991). A 16-mer single stranded DNA con-
taining pyrimidines was immobilized on Langmuir-
Blodgett (LB) films. The SFM images of the surface 
resolved rows of DNA 0 .8 to 1.2 nm apart. These 
authors could not obtain reproducible images with 
high resolution to sequence the DNA. This was at-
tributed to the non-rigidity of the lipid-DNA covalent 
attachment and the movement of the DNA under ap-
plied force of the cantilever. 
The SFM can also be used to image large biologi-
cal cells. Figure 31 ( on color plate at page 640) 
shows an image taken of blood cells. The blood sam-
ple was simply placed on a glass slide and air dried 
for about half an hour before being imaged. Gould 
et al. (1990) have obtained images of purple mem-
brane dried both on glass and mica substrates. SFM 
images of the samples are shown in Figures 32(a) and 
(b) . The individual membranes are about 0 .5 to 1 µm 
across and 5 nm high . Magnified images of the sam-
ples are shown in Figures 32(c) and (d). The magni-
fied images show periodi c order on the membrane. 
The sample on the glass (Figure 32c) shows periodic 
order in two directions. The observed periodicity is 
higher than those obtained with other techniques. 
This discrepancy was related to either the dullness of 
the tip and/or the difference between the surface 
(measured by SFM) and bulk structures (measured 
with other techniques) . 
Butt et al . (1991) compared the SFM images of 
purple membranes both air dried and in buffered solu-
tion . They found that the slow air-dried purple mem-
branes show cracks. They could not obtain molecular 
resolution images on these samples . In contrast, the 
purple membranes imaged in buffer solution on a 
mica substrate did not have any cracks and the hexag-
onal packing of the bacteriorhodopsin molecules were 
resolved. 
Figure 33 shows an SFM image of E. coli bacte-
ria (Gould et al., 1990). The samples were simply 
dried onto a glass slide without any other preparations 
or coatings . The magnified images of the upper and 
lower bacterium are shown in Figures 33 (b) and 33 
(c), respectively. 
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Figure 32 (at right). SFM 
images of purple membrane (a) 
deposited on poly-L-lysine 
coated glass, and (b) sprayed on 
mica. The scan sizes are 6.2 
µm x 6.2 µm. (c) A magnified 
image of the sample in (a). The 
scan size is 43 nm. Two sets of 
diagonal rows can be observed. 
These correlate with the hexag-
onal order of the purple mem-
brane. (d) A magnified image 
of the sample in (b). The scan 
size is 12S nm. 
Figure 33 (below). (a) An SFM 
image of bacteria E. coli which 
was dried on a glass substrate. 
The scan size is 9 µm. (b) A 
magnified image of the upper 
bacterium. (c) A magnified 
image of the lower bacterium. 
The scan size is 1. 7S µm for 
images in (b) and (c). 
(Figures 32 and 33 courtesy of 
P. Hansma and G. Kelderman). 
Recently, the SFM was used to image live cells 
in their natural environments (Haberle et al., 1991). 
The authors used an underwater atomic force micro-
scope for investigation of living cells. The cells were 
sucked onto a micropipette and brought into contact 
with the cantilever for imaging. The manipulations 
were observed and controlled with an integral optical 
microscope. They measured images of red blood 
cells with 100 A resolution. They also observed 
changes in the cell membrane, which were induced by 
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increasing the salt concentration of the solution and 
by adding antibodies to the solution. 
Weinsenhom et al. (1990) studied the adsorption 
of molecules and ions on zeolites using a medium of 
diluted ten-butyl ammonium chloride solution and 
ten-butonal. The solution was introduced through a 
sealed liquid cell . The SFM images showed that ten-
butonal formed an ordered monolayer array on the 
surface. On the other hand, the ten-butyl ammonium 
cations formed clusters that were 2x3x0.6 nm3• The 
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clusters took one minute to form and were imaged in 
real time by the SFM. The clusters could be rinsed 
with water and then formed again. The authors were 
also able to rearrange the tert-butyl ammonium cat-
ions by increasing the force exerted by the tip. 
The above results show that SFM can easily be 
applied to the study of biological materials and organ-
ic molecules. The SFM has a great potential in stud-
ying the dynamical processes of living cells with nan-
ometer resolution. Future developments in immobili-
zation techniques and preparation of sharper tips may 
lead to the application of SFM in sequencing DNA. 
Related Techniques 
The success of the STM has resulted in develop-
ment of many instruments based on similar technolo-
gy. The most important of these instruments was the 
SFM which was discussed in the previous sections. 
Near Field Optical Microscopy 
A light beam impinging on a sample will diffract 
as a propagating homogeneous field (far field) and as 
an evanescent field (near field) that is confined near 
the sample. It is well known that the spatial resolu-
tion of an image formed in far field optics is limited 
by the wavelength of light used. To improve the res-
olution, measurements can be made in the near field . 
This is the basis for the scanning near field optical 
microscope (SNOM) and scanning photon tunneling 
microscope (SPTM). 
In SNOM (Betzig et al., 1988; and Pohl et al., 
1988), a micropipette with a sharp point and a small 
aperture is used as a light source (illumination mode). 
The radiation transmitted through the aperture is ini-
tially collimated to the size of the aperture and is 
independent of the wavelength of light. When the 
micropipette is brought close (near field) to the 
surface, the light from the aperture is transmitted 
through the semi-transparent sample and is collected 
as the sample is scanned. In another implementation 
(collection mode) the aperture is used to collect the 
light that is transmitted through the sample (Betzig et 
al., 1987) . A higher resolution is obtained in this 
mode since the light is collected in the near field. 
SNOM can also be operated in the reflection mode 
(Fischer, 1990) where the aperture is used for illumi-
nation and collection of light. Currently, the resolu-
tion of SNOM is a few hundred Angstroms and is 
limited by difficulties in forming reproducible sub-
wavelength apertures. Applications include imaging 
of biological materials and mapping the luminescence 
of surfaces and thin films. 
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In SPTM (Reddick et al ., 1989), a sharpened op-
tical probe tip is brought close to the surface in the 
evanescent field. The photons are transmitted 
through the optical fiber to a photomultiplier tube to 
produce electrical currents. The current is then used 
in a feedback loop, similar to the STM, to keep the 
tip near the surface as it is scanned in the x and y 
directions. The evanescent field is produced by 
mounting the sample on a prism and directing the 
light to the back of the sample such that it is inter-
nally reflected. Because of the exponential decay of 
the evanescent field with distance, the resolution 
normal to the sample is about 1 nm (Ferrell et al., 
1991). The lateral resolution is not wavelength 
limited and depends on the size of the stylus. A 
lateral resolution of 20 nm OJ 12) has been obtained 
by Courjon ( 1990). The potential applications of 
SPTM are imaging biological samples and metrology. 
Ballistic Energy Electron Microscopy 
Interfaces of thin films are of major interest to 
thin film scientists and device physicists. The inter-
faces are not easily accessible and require destructive 
or indirect evaluation. An extension of STM called 
ballistic energy electron microscopy (BEEM) was de-
veloped by Kaiser and Bell ( 1988). The technique al-
lows nondestructive evaluation of Schottky barriers at 
the interface of thin films ( < 100 A thick) (Bell and 
Kaiser, 1988). The method involves three electrodes, 
the tip, the thin film, and the substrate. The tip is 
brought into tunneling near the thin film as in a nor-
mal STM. Since the mean free path of the low ener-
gy tunneling electrons is greater than 100 A, some 
travel to the interface. If the energy of these elec-
trons is less than the barrier height at the interface, 
they are reflected . As the energy of the electrons is 
increased by increasing the tip voltage, some will 
cross the interface barrier and will be collected at the 
substrate electrode. This current is used to map the 
interfacial electronic properties in addition to the 
surface topographical features. 
Fernandez et al . (1991) used BEEM to study the 
NiSi2/Si(l 1 l) interface. Two orientations of NiSi2 
can be grown on Si(ll 1): type A and B. In type A, 
the silicide has the same orientation as the substrate. 
In type B, the silicide is rotated 180 degrees about the 
(l 11) direction. The authors measured the Schottky 
barrier heights of these interfaces and found them to 
be in close agreement with previous studies. 
A powerful demonstration of the capabilities of 
BEEM was performed by Hallen et al. (1991). The 
authors modified the interface of Au-Si by ballistic 
The Scanning Probe Microscope 
SICM 
Figure 34. Schematic representation of the scan-
ning ion conductance microscope. (Drawing 
courtesy of P. Hansma and G. Kelderman) . 
electrons. The modified area was then imaged with 
BEEM and compared with the surface topography. 
They found that the modification consisted of a re-
gion, a few hundred Angstroms in diameter, with de-
creased ballistic transmittance. This region was sur-
rounded by a ring which had higher ballistic transmit-
tance. They correlate the decrease in current to the 
interdiffusion of Au-Si and the increase in current to 
modification of the interface impurity layer . 
Scanning Thermal Profiler 
The scanning thermal profiler (Williams and 
Wickramasinghe, 1986) uses a heated sensor consist-
ing of a thermocouple junction with approximate di-
mensions of 100 nm. As the heated tip is brought 
close to the surface, the temperature of the tip is 
reduced because of thermal coupling between the tip 
and the sample. Therefore, the temperature of the tip 
is a function of the gap spacing. During the measure-
ment of surface profile, the temperature of the tip is 
varied sinusoidally. The detected ac temperature of 
the tip is used in the servo control loop similar to that 
of the STM. The probe is then scanned over the sur-
face to obtain a three-dimensional profile. The tech-
nique bas a lateral resolution of 100 nm and a vertical 
resolution of 3 nm independent of the surface being 
probed. The profiler can be used with gap spacings 
of > 1 O nm which makes it useful for non-contact 
profiling of non-conductive materials. 
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(a) 
Figure 35. (a) An image of a Nuclepore membrane 
filter taken with the scanning ion-conductance mi-
croscope. The pores are 0.8 µmin diameter. The 
scan size is 7.8 x 4.5 µm for all three images. (b) 
Top view of the image in (a). (c, shown on color 
plate at page 640) The image of ion currents from 
the pores taken with the scanning ion-conductance 
microscope. (Photos courtesy of P. Hansma and 
G. Kelderman). 
Scanning Ion-Conductance Microscope 
The scanning ion-conductance microscope 
(SICM) is based on the flow of ions through a micro-
pipette (Hansma et al., 1989). The micropipette is 
placed in an electrolyte solution and is scanned near 
the sample (see Figure 34). As the pipette gets closer 
to the surface, the flow of ions is blocked and the 
current decreases. When the pipette moves away 
from the surface, the ion current increases. The flow 
of the current through the micropipette is used to con-
trol its position near the surface, similar to STM. 
The SICM can be used to measure both topography 
and local ion currents near the surface. The topo-
J. Jahanmir, B.G. Haggar, J.B . Hayes 
graphic image of a Nuclepore (Nuclepore Corpora-
tion, Pleasanton, CA) membrane filter is shown in 
Figures 35(a) and (b). The ion currents through the 
0.8 µm pores of the same filter are shown in Figure 
35(c, presented on color plate at page 640). 
Conclusions 
In this paper we have presented a review of the 
scanning probe microscope, its many applications, 
and some of the new techniques that have evolved 
from it. Scanning probe microscopy is still in its in-
fancy. The applications and new techniques de-
scribed in this paper are only the beginning of a new 
era in microscopy and spectroscopy. 
One important application of the SPM is in me-
trology. The development of sub-micron features on 
integrated circuits is currently pushing the limits of 
optical metro logy. It is expected that further develop-
ment in probes, ease of use, and automation of the 
SPM will allow its use in manufacturing and process 
control environments. 
Perhaps the most exciting potential use of the 
SPM is the imaging of complex biomolecules. The 
atomic force microscope offers advantages in size, 
cost, and sample preparation over scanning electron 
and transmission electron microscopes. Potential ap-
plications of the microscope include cell biology and 
medical research. Advances in genetic research are 
sure to follow the ability to image and identify com-
plex biological systems. 
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